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THE RELATION BETWEEN INTENSITY AND 
HARMONIC STRUCTURE IN VOICE* 


By Orvitte J. Borcuers, Pu. D. 
I. ProBLeM AND ProcepuRE 


Previous studies in quality. The purpose of this investigation 
was to determine the changes in harmonic structure with changes 
in the intensity level at which a specified vowel was sung. Three 
intensity levels corresponding to pp, mf, and ff, and the vowel a 
as in father, were taken as the basis of this study. 


As far as is known, no work has previously been reported show- 
ing the effect of intensity upon the harmonic structure of the sung 
tone.. A number of studies (4, 5, 10) showing the effect of vary- 
ing intensities upon the harmonic structure of tones produced by 
stringed and wind instruments have been reported. 


Subjects. The subjects used in this investigation were the best 
male artists available. CT and OB were basses and HS and AK 
were tenors, the latter a distinguished American tenor. 


The recording set-up. The apparatus consisted chiefly of a 
crystal microphone, an oscillograph, an amplifying system, and a 
power level indicator which was connected to an amplifier in parallel 
with the oscillograph amplifier. The response of this amplifier 
was approximately flat from 100 to 3,000 cycles. The power level 
indicator was calibrated in decibels and gave the approximate values 
of the differences in the intensity levels of the various tones. 


Procedure. Great care was taken to keep all the variables ex- 
cept intensity as constant as possible. The S was asked to assume 
an indicated position and a direction toward the microphone which 


*Recommended for publication by Dr. B. F. Skinner, February 8, 1939. 

'Laase (6) and Talley (7) have shown the effect of pitch and intensity 
on the harmonic structure of vowels in spoken sounds. Their findings for 
the vowel a as in father is in general accord with the conclusions of this 
study. 
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were constant from tone to tone. The instruction to sing the pure 
vowel a was definitely stressed. The pianissimo tones were sung 
as softly and the forte tones as loudly as possible within the limits 
of artistic performance and the mezzo tones were sung approxi- 
mately midway between the pianissimo and forte intensities, at 
three pitch levels corresponding to the upper, medium, and lower 
parts of each singer’s singing range.” 

An assistant recorded the relative intensity as given by the power 
level indicator at the moment the record was taken. These values 
are only close approximations (within two or three db) to the 
exact intensity differences, inasmuch as minor intensity fluctua- 
tions make an accurate reading difficult. 

In each instance an oscillogram of sufficient length to include 
a pitch vibrato cycle and of sufficient speed to make it available for 
harmonic analysis was obtained. Following a previous study in 
which it was pointed out that large changes occur in various par- 
tials during the pitch vibrato, it was deemed necessary to select four 
waves representing the crest, trough, and two nodal points in 
order to get a fair statement of the harmonic structure. Conse- 
quently, four waves from each of the nine tones produced by each 
singer, 144 waves, were analyzed by means of an Henrici analyzer. 
Proper corrections for oscillograph loss were made and the cor- 
rected values reduced to a percentage basis. The mean percentage 
value for each partial during a pitch vibrato cycle was obtained. 


II. Discussion or REsutts 


Fig. 1 shows the acoustic spectra of three tones of the same 
singer and vowel, sung at the three different intensity levels at ap- 
proximately the same frequency.’ The first important difference 


*The character of the vowel at the extreme intensities may be ques- 
tioned. However, each singer insisted that he was singing a normal vowel 
at all intensity ranges. It is probable that the vowel formant is changed 
considerably in tones produced by artists at extreme intensities. 

*The inconsistency with which singers maintain a given pitch is well 
known. Aside from the vibrato, there is present the tendency to reproduce a 
given pitch a few vibrations sharp or flat. The small differences of one 
or two vibrations in fundamental frequency in the tones here studied, 
however, do no: materially affect the conclusions. 
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in the timbre of the three tones is the smaller proportion of energy 
in the fundamental at the greater intensities. The fundamentals 
of the pp, mf, and ff tones contain, respectively, 61, 18.6 and 1 
per cent of the total energy. The second important difference 
is that the maximum energy is found in the first, second, and fourth 
partials, respectively, of the pp, mf, and ff tones. These partials 
contain 61, 63 and 52.9 per cent of the total energy, respectively, 
of the pp, mf, and ff tones. The third important difference is 
the greater distribution of energy extending to more of the higher 
partials in the tones of greater intensity. 


The number of db increase of the mf and ff tones above the 
pp tone is shown for each singer in Table I. Tables II—V inclusive 
indicate comparatively the differences in harmonic structure in 
each of the pp, mf, and ff tones sung by each of the four sub- 
jects. 


A decrease in the amount of energy in the fundamental with an 
increase in intensity is consistently marked. In each case, there is 
a smaller percentage of energy in the fundamental of the mf tone 
than in the fundamental of the pp tone sung at the same pitch, 
and a smaller percentage of energy in the fundamental of the ff 
tone than in that of the mf tone sung at the same pitch. There is 
an increasing percentage of energy in the fundamental from low 
to high tones which are sung pp in the cases of OB and AK, the 
highest pp tones showing the greatest proportion of energy (61 
and 71 per cent, respectively). In the case of CT there is a slight 
but not consistent increase in the percentage of energy in the funda- 
mental of the pp tones on the higher pitches, while HS shows the 
reverse. Similarly, the records of CT, OB, and AK show con- 
sistent increases in the percentage of energy in the fundamental of 
mf tones from low to high pitches. HS shows only a small incon- 
sistent change. OB and HS show a consistent decrease in the per- 
centage of energy in the fundamental of ff tones from low to high 
pitches. The records of CT and AK, however, do not show a 
similar consistent change. 

The greatest percentages of energy in the fundamental occur 
in the highest pp tones of OB and AK with 61 and 71 per cent, 
respectively. The smallest percentages of energy on the funda- 
mental occur in the ff low G, of CT and in the ff high tones of 
HS and OB, with less than 1 per cent of the total energy. It is 
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reasonable to conclude that the fundamental possesses the great- 
est percentage of energy in the high pp tones and the smallest in 
the ff tones. 


The second partial is considered separately because it shows 
characteristic changes very similar to the fundamental. Tables 
II—V inclusive indicate a consistent decrease in the energy of this 
partial with an increase in intensity except in the high tones of OB 
and AK. The second partial tends to increase in energy on the 
higher tones, particularly those of pp or mf intensity, the highest 
percentages occurring in the high pp tones of CT and HS. 
Minimal percentages of energy in the second partial occur on the 
lower ff tones. 


It is evident from Tables II—V inclusive that the energy in ff 
tones is spread over a greater number of partials than in the mf 
or pp tones. Any partial showing as much as .25 per cent of the 
total energy in any one of the four selected waves during the pitch 
vibrato cycle is included in the averages in the Tables. Upon this 
basis, the energy in tones of different intensities regardless of 
pitch is spread on an average in the following number of partials: 


There are the same number of tones and an equal distribution of 
high, medium, and low tones in each of the three above groups. 
The energy in the forte tones is spread over nearly twice as many 
partials as in the pianissimo tones. 


The centroids of energy of the tones of greater intensity fall 
consistently at higher frequencies than in tones of less intensity.” 
The largest increase in the frequency of the centroid from pp to ff 
is 1190 cycles. The smallest increase is 161 cycles. Examination of 
Tables II—V inclusive will show that the increase in the frequency 
of the centroid with increase in the intensity level is the result of 
four causes: (a) There is less energy in the first and second partials 
at greater intensity levels. (b) There is a greater spread of energy 


‘The centroid of energy is the statistical mean of the dispersion of 
the energy under consideration. It is indicated by a frequency which rep- 
resents the mean point of the dispersion. Fifty per cent of the energy 
falls below this mean and 50 per cent above it. 
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to successively higher partials with the appearance of energy in 
higher resonance regions, particularly around 2,500 cycles in tones 
sung at greater intensity levels. (c) The energy in the strong 
lower formant region for the vowel a around 600 cycles frequently 
decreases with an increase at higher frequencies in tones sung at 
greater intensity levels. (d) A greater percentage of energy fre- 
quently falls in the higher formant region (between 900 and 1,200 
cycles) for the vowel a in tones sung at greater intensity levels. 


SUMMARY 


III. 


The following conclusions are based upon the analysis of the 
tones produced by the four artists used in this investigation and 
for the vowel a only: 

(1) There is without exception a greater percentage of energy 
in the fundamental of tones sung with less intensity but at the same 
approximate pitch. Inversely, there is less energy in the funda- 
mental of tones sung at greater intensity levels but at the same 
approximate pitch. 

(2) There is an increasing amount of energy in the funda- 
mental from low to high tones which are sung pianissimo. 

(3) The second partial shows characteristic changes in energy 
with changes in intensity level which are very similar to the changes 
in the fundamental. 

(4) The centroid of the total dispersion of energy changes 
to markedly higher frequencies in tones sung at greater intensity 
levels but at the same pitch. 


TABLE I 


INCREASE IN INTENSITY LEVELS OF TONES SUNG MEF 
AND FF IN DB ABOVE THE INTENSITY LEVEL 
OF TONES SUNG PP 


Singer CT Singer AK Singer OB Singer HS 
Intensity Pitch Pitch Pitch Pitch 
level G; Co Go Go C3 Gs Ce Go C3 Go C3 Gs; 


mf 12 12 12 10 8 10 10 10 12 8 10 12 
22 26 28 16 18 26 16 22 26 14 18 24 
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TABLE II 
AVERAGE PERCENTAGES OF TOTAL ENERGY IN CONSTIT- 


1 86 2.5 7.4 40 2.1 m3 Mi Zi 
2 83 45 770 59.2 6.5 
3 72 28.6 25.3 8.2 6.0 16.9 56.1 
4 31.7 87 48 30.7 58.3 11.9 3 7 6.5 
5 31.9 45.2 3.4 23 14 62.8 5.9 22.1 
6 5.5 30.8 27.9 1.0 
7 6 7 49.4 1.0 
8 P 4 4 4 S 33 3 
9 3 2 1.2 6 RK 
6 
8 


TABLE III 


AVERAGE PERCENTAGES OF TOTAL ENERGY IN THE 
CONSTITUENT PARTIALS OF NINE TONES 


G; 
Partial pp mf ff pp mf ff pp ff 


— 
ONAVAWNH 


UENT PARTIALS OF NINE TONES SUNG BY CT Diy 

12 6.0 
13 

14 9 ta 
15 4 eee 
16 5 
17 1.5 
18 4 

19 4 

SUNG BY AK 

30.7 14.2 8.0 40.1 26.7 16.1 13.4 31.1 318 i 

36.8 56.4 32.0 24 379 WS 14.2 22.9 36.1 oe 

24 O87 43 4 83 4.3 3 46 Ll 

4 70 73 5.6 4.1 

5+ 3.4 20.2 is 3 

3 6 7.9 

3 2.8 

2 6 1.0 5.2 ao 

2 3 59 3 10 

1.7 

2.7 

6.7 
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TABLE IV 


AVERAGE PERCENTAGES OF TOTAL ENERGY IN CONSTIT- 
UENT PARTIALS OF NINE TONES SUNG BY OB 


Partial pp 
37.3 
6.5 
5.2 
23.2 
19.9 
1.7 
8 
3.0 


1 
2 
3 
4 
5 
6 
7 
8 
9 
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TABLE V 


AVERAGE PERCENTAGES OF TOTAL ENERGY IN CONSTIT- 
UENT PARTIALS OF NINE TONES SUNG BY HS 


Partial pp 
22.7 
7.1 
28.1 
31.8 
5.7 


CON AVAWNH 


- 66 
Go 
mf pp mf ff pp ff 
64 5.5 425 10.1 1.3 61.5 186 1.0 
3.8 3.0 35.1 630 373 
22 26.7 63.6 70.1 3 
57.3 36.1 54 SH 36 4.4 52.9 
8.3 25.5 3 
2 
10 - 
11 a 
12 4 
13 1.2 
14 
15 1.4 
16 2.2 
17 is 
18 
19 
20 a 
C3 Gs 
mf ff pp mf ff pp mf ff 
34 24 187 54 3.2 748 623 286 
2: 173 57.0 82.3 80.3 5.9 318 67.8 
58.4 61.7 Ih 43 1.3 4 2a 
86 8.5 3 2 
6.6 5.4 3 
; 4 6 4 
2 
10 4 
11 1.5 
12 1.4 
13 2.8 
14 3 1.2 
15 6 1.1 
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